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Abstract 
This work reports experimental evidences that the adsorption of CO on Pt surfaces 
composed by (111) terraces and steps and/or kinks in alkaline media occurs faster on 
sites with (100) symmetry, followed by (110) sites. On the other hand (111) terrace 
have the lowest adsorption rate. CO electrooxidation demonstrates the existence of a 
close relationship between the preferential site CO occupancy and the peak multiplicity 
observed in CO stripping voltammetry. For the stepped Pt(554) and Pt(544) and kinked 
Pt(875) single crystal surfaces, the CO stripping process takes place at high potentials 
(~0.80 V vs RHE) when only the (110) or (100) step sites are blocked by CO. However, 
when the terrace sites with (111) symmetry are fully occupied, new CO stripping peaks 
appear at lower potentials (< 0.68 V vs. RHE). For all surfaces, it is observed that the 
first released sites after partial CO oxidation are (111) terrace sites, followed by the step 
(110) sites and sites with (100) symmetry. The results of partial CO oxidation suggest 
that the diffusion of adsorbed CO from sites with (110) or (100) symmetry towards 
unoccupied (111) terrace sites is negligible. However, CO diffusion from terrace sites to 
step or kink sites cannot be discarded during the growth of the adsorbed CO adlayer, 
because of the preferential site occupancy for these latter sites. Due to the fact that CO 
oxidation process on stepped Pt surfaces in alkaline media occur at different potentials 
on different sites, the activation energy for CO oxidation on the different sites have been 
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estimated. The results for full CO coverage and CO decorated stepped surfaces are in 
good agreement, indicating that the oxidation of CO on the different sites is not 
coupled. In absence of CO on terrace sites, in situ FTIR spectroscopy shows that CO 
molecules on the (110) step sites are essentially linearly bonded, while on the (100) step 
sites both linearly and bridge bonded CO are observed. The comparison of these spectra 
with those obtained when a full coverage is attained shows that the band frequencies for 
CO on step sites are highly coupled with those on the terrace sites. 
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1. Introduction 
In recent years, several systematic studies have been published concerning the 
influence of controlled amounts of surface defects in CO electrocatalysis.1-4 On this 
particular issue, step sites on (111) terraces have been recognized to act preferentially as 
nucleation center for oxygen-containing species.5 This statement comes from the 
experimental fact that the CO electrocatalysis is always enhanced when crystalline or 
randomly defect sites were introduced onto a flat (111) surface. Based on this fact, the 
diffusion of CO on the terraces has been assumed to be faster than the rate of CO 
oxidation reaction itself, so that CO oxidation reaction only occurs at step sites.1 This 
interpretation is supported by the measurements carried out in UHV environments, in 
which CO adsorption starts on the step sites and then continues on the terrace sites.6-10 
For electrochemical interfaces, very few studies describe the influence of crystalline 
defects in the adsorption behavior of CO on stepped surfaces.11-12 Additionally, it has 
been found that the preferential step site occupancy acidic media may depend on the 
step symmetry.13 It has been observed for Pt(s)-[n(111)×(100)]12 surfaces but not for the 
Pt(s)-[n(111)×(110)] surfaces, probably related to different experimental conditions.14 
This fact makes difficult the interpretation of the data based on the mobility/dynamics 
of CO layers at the electrochemical interface, and therefore complicates the proposal of 
a realistic kinetic model for this reaction.15-16 
The lack of reliable data on the preferential site occupancy is more evident in 
alkaline media, especially for single crystal electrodes. In some of the few studies 
regarding this issue, Garcia et al. 17-20 have suggested a site reactivity order for CO 
electrooxidation on stepped platinum surfaces in alkaline media. The least active site for 
CO oxidation would be the (111) terrace site, while the (110) step sites would promote 
the electrooxidation of CO at lower potential values than the (100) step sites. The 
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general framework proposed by Garcia et al. is similar to that reported for the CO 
oxidation reaction in acidic media, in which the role of crystalline step sites is to 
activate oxygen-containing species, which finally react with CO, with a major 
difference: the much slower CO diffusion in alkaline media.21 From the results reported 
in the literature, it is very clear that the reactivity of stepped platinum surfaces toward 
CO electrooxidation depends on the local symmetry of the surface sites. However, it is 
not clear whether the defects promote the activation of oxygen-containing species in CO 
oxidation catalysis especially in alkaline medium. 
For a given platinum surface, the electrocatalytic activity for the CO oxidation 
reaction in alkaline media is higher than that measured in acidic media. Although the 
origin of such enhancement is not known, some authors have ascribed it to a higher 
affinity for the adsorption of OH at the defect sites.22-23 On the other hand, it has been 
proposed that the CO diffusion coefficient on platinum surfaces in alkaline 
environments (~2.7×10-16 cm2 s-1) is significantly smaller than measured in acidic 
medium.21 
A very interesting feature of a full CO monolayer oxidation on Pt stepped surfaces 
in alkaline media is that different processes, which depend on the sites present on the 
surface, can be observed at different electrode potentials in a CO stripping experiment. 
Thus, properties such as the potential dependence of the band frequency and the 
activation energies can be studied separately for a given type site on different stepped 
and kinked surfaces. In acidic media, Kim and Korzeniewski12 using low CO coverages 
on the Pt(s)-[n(111)×(100)] surfaces have reported separated band frequencies for 
adsorbed CO at differents structural sites. The individual CO band frequencies are 
highly affected by the dipole-dipole coupling,24-26 so that it is very difficult to study the 
band behavior for CO on step sites without the coupling interference of CO on terrace 
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sites. However, as will be shown, this limitation can be overcome by using a careful CO 
stripping procedure. Also, activation energy values have been estimated in acidic media 
for the Pt basal planes at constant dosing potentials 27-28 although Rincon et al.29, 
working with a polycrystalline platinum wire, showed that the activation energy for CO 
stripping is highly dependent on the CO adsorption potential. 
Direct macroscopic evidences on the influence of crystalline defects in both CO 
adsorption and their subsequent electrooxidation can be obtained from the hydrogen 
adsorption signal on the surface during CO dosing and CO stripping experiments. This 
analysis is possible because adsorption processes on platinum single crystal electrodes 
are very sensitive to the local environment.30 Thus, the evolution of the voltammogram 
can be used to analyze these processes on the surface, because the interactions of 
molecules with the surface produce different modifications depending on whether the 
interaction occurs with (111), (110) or (100) sites.14, 31 
This paper aims to characterize the processes of CO filling/release on both 
stepped and kinked platinum surfaces in alkaline media in slow dosing and partial CO 
stripping experiments. The analysis of consecutive experiments allows pointing out the 
origin of peak multiplicity in CO stripping on those surfaces. An experimental sequence 
of site release after partial CO stripping from a fully CO covered surface will be 
described at different sweep rate, characterizing these processes with their 
corresponding Tafel plots. We also report on the local activation energies for CO 
electrooxidation on the different sites: (110) and (100) symmetry sites and terrace sites 
with (111) symmetry with medium length (9-5 atomic rows). Using in situ FTIR 
spectroscopic data, the exact CO coordination on both step sites in absence of CO on 
terrace sites has been identified. 
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2. Experimental 
Platinum electrodes with (554), (544) and (875) orientations were prepared from 
single crystal beads according to procedure described in reference.32 The Pt(554) and 
Pt(544) electrode are stepped surfaces containing 9 atom-wide (111) terraces separated 
by monoatomic steps with (110) and (100) symmetry, respectively. They can be 
described as: 
Pt(554) ≡ Pt(s)-[9(111)×(110)] 
Pt(544) ≡ Pt(s)-[9(111)×(100)] 
On the other hand, the equivalent notation for the Pt(875) kink surface is: 
Pt(875) ≡ Pt(s)-[5(111)×3(110)×(100)] 
which indicates that this surface contains 5 atom-wide (111) terraces separated by 
monoatomic steps containing (110) sites symmetry broken by (100) sites, which define 
kinks nominally every 3 step sites. 
The electrodes were flame annealed and cooled down in a H2 + Ar atmosphere, as 
usual. This procedure has been revealed useful to prepare stepped surfaces whose 
topography agrees with the nominal one,33 although no data are available for kinked 
surfaces. A platinized platinum wire was used as a counter electrode, and a reversible 
hydrogen electrode (RHE) was employed as reference electrode. Voltammetric curves 
measured in alkaline media were used to estimate the two-dimensional order of the 
surface, as well as solution cleanliness, which was also checked with a Pt(111) 
electrode. All electrochemical and spectroelectrochemical experiments were carried out 
using a waveform generator (EG&G PARC 175) together with a potentiostat (Amel 
551) and a digital recorder (eDAC ED 401). The temperature control was achieved by a 
digital temperature controller (PolyScience®). 
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In situ FTIR spectra were obtained using a Nicolet (Model 8700) spectrometer, 
equipped with an MCT (Mercury-Cadmium-Telluride) detector. The different spectra 
(obtained from the average of 100 interferograms using a resolution of 8 cm-1) were 
collected at potential steps from 0.05 V to 0.30 V vs. RHE (onset of CO oxidation), at 
intervals of 25 mV. After that, the electrode potential was stepped to 0.90 V to collect 
the reference spectrum. For all experiments, p-polarized radiation was employed, which 
allows detecting active species both on the electrode surface and the electrolyte 
solution.34 Spectra are presented in absorbance units (A=-log(R/Ro)) in which R and Ro 
refer to the reflectance spectra at the sampling and reference potential (0.90 V), 
respectively.  
Experiments were carried out in 0.1 mol L-1 NaOH (Merck KGaA, 99.99 %) 
prepared in ultrapure water (Millipore Milli-Q 18.2 MΩ cm). The CO (Alpha Gas, 
99.997 %) sub-monolayer was deposited under potentiostatic conditions by using a low 
gas flow in the electrochemical cell atmosphere. 
 
3. Results 
3.1. Cyclic voltammograms in electrolyte solution 
The voltammetric profiles of the single crystal electrodes used in this work in 0.1 
M NaOH are shown in Figure 1. The stability of these profiles shows that the electrolyte 
solution is free from impurities, and the current distribution indicates that the surfaces 
are very well ordered. Additionally, a hard sphere model of the surfaces is also included 
in this figure for clarity.  
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The couple of peaks at around 0.26 V for the stepped Pt(554) surface (Figure 1a) 
is characteristic of the so-called hydrogen adsorption/desorption at (110) step sites. In 
the same way, for Pt(544) surface, the less reversible couple of peaks at 0. 42 (positive-
going sweep) and 0.36 V (negative-going sweep) is characteristic of this process on the 
(100) step. It should be mentioned that the Pt(544) electrode used in this work has a 
small amount of (110) defects as revealed by the small shoulder observed at 0.26 V. For 
the kinked Pt(875) surface, the corresponding pairs of peaks at 0.26 V and 0.40V can be 
relate to hydrogen adsorption/desorption on (110) step and (100) kink sites, 
respectively. It is worth mentioning that the reversibility of this latter couple of peaks is 
significantly higher than that observed on the corresponding stepped surface with (100) 
step sites (ΔEp ≈ 60 mV). Regarding the nature of these peaks associated with the 
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Figure 1. Cyclic voltammograms and atomic model of single crystals. Sweep rate 0.05 V s-1. 
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step/kink sites, it has been proposed that they are due to the competitive adsorption of 
hydrogen and probably OH/O species.35 
 
3.2. Potentiostatic CO dosing 
Figure 2 shows the voltammetric profiles for successive CO sub-monolayers 
obtained by slow CO dosing at 0.1 V. The growth of the CO sub-monolayer was 
controlled by maintaining a very low CO gas flow through the cell atmosphere (around  
10% of the argon flow through the cell atmosphere) for different dosing times. After 
some particular dosing times, control cyclic voltammograms were recorded at 0.20 V s-
1. Using this relatively fast scan rate and a low CO gas flow, it is possible to minimize 
the interferences of CO from solution while recording the cyclic voltammogram. Each 
recording cycle lasts approximately 3 seconds only, and thus, the CO coverage change 
in each cycle can be considered negligible. This experimental procedure was previously 
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Figure 2. Cyclic voltammograms between 0.05 V and 0.40 V for: a) Pt(554); and b) Pt(544); 
and c) Pt(875) electrodes. Data recorded after the potentiostatic growth of the CO sub-
monolayer at 0.10 V. The different exposure times correspond to different degrees of CO 
coverage. Sweep rate: 0.20 V s-1 
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checked and reported in acidic medium.14 
The comparison of the voltammograms in Figure 2a-b shows that site blocking 
occurs at a higher rate for (110) and (100) step sites than that measured for (111) terrace 
sites, since the peak associated to the hydrogen adsorption on these peaks disappears 
well before the terrace sites have been completely blocked. In order to quantitatively 
asses the site blocking rate, the charge for these peaks and for hydrogen adsorption on 
the terrace is calculated and plotted in Figure 3 vs. the CO dosing time. Because of the 
experimental difficulties to measure the contribution on the hydrogen region on (111) 
terraces for the Pt(875) electrode, the total charge density minus that due to step/kink 
sites [σtotal - σ(110) - σ(100)] is shown. If CO adsorption were insensitive to the adsorption 
site, it would be expected that the complete blockage of the different sites on the surface 
took place at the same dosing time. However, the complete blockage of the step/kink 
sites occurs well before that of the terrace. In fact, the rate of step site blocking becomes 
even faster when there is a partial CO coverage on the steps, as revealed from the fast 
diminution of these signals after ca. 40 s dosing time. This dosing time corresponds to a 
total blockage of the hydrogen sites of ca 16 %. Likewise, the hydrogen site blocking 
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during CO sub-monolayer growth onto a kinked Pt(875) surface in Figure 2c occurs 
with higher rate for sites with (100) symmetry as compared to those having (110) 
symmetry. Again, the last type of sites to be blocked is that corresponding to (111) 
terraces, as observed for the stepped surfaces. 
The above results show that the pattern of CO site occupancy onto stepped and 
kinked platinum surfaces are quite similar. Furthermore, the pattern of site blocking for 
all surfaces is independent of whether the CO adsorption is carried out under 
potentiostatic or potentiodynamic (not shown) conditions. This last result makes reliable 
the surface blockage study described above. 
 
3.3. Effect of CO sub-monolayer growth on the CO stripping voltammetry 
It is already known that CO stripping voltammetry for stepped platinum surfaces 
in alkaline media exhibits peak multiplicity.17, 21 In this section, we attempt to 
investigate the conditions required to give rise to the multiple peaks in CO stripping 
voltammetry. The strategy is to compare site blockage in the hydrogen adsorption 
region with peak position for CO stripping. Figure 4 shows that the voltammetric profile 
of CO stripping is very dependent on the CO coverages obtained after controlled growth 
of the CO sub-monolayer. These experiments were carried out as follows: a weak CO 
flow of CO was introduced in the cell atmosphere near the electrode meniscus (as done 
in the experiments reported in the Figure 2), and the surface blockage after some dosing 
time was examined. After the desired coverage value was reached, the CO sub-
monolayer was stripped in a single scan up to 0.85 V at 0.20 V s-1. As before, this 
relatively fast scan rate was used to avoid interferences from CO in the solution. The 
measured voltammetric profile for CO stripping does not differ essentially from that 
measured in a solution free of CO.  
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For the Pt(554) electrode (Figure 4a), it can be observed that above a certain CO 
coverage (blue, red and black lines), the CO stripping voltammetry displays two peaks, 
denoted by I and III, at 0.81 V and 0.68 V, respectively. Apart from scan rate effects, 
peak I always develops in a potential region that coincides with that of the 
oxide/hydroxide peak (~0.78 V). On the other hand, the peak III is located in the so-
called double layer region. After reaching the maximum charge for process I, the 
process III gradually increases with increasing CO coverage. By comparing the 
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Figure 4. CO stripping voltammetry after partial potentiostatic growth of the CO sub-
monolayer at 0.10 V for a) Pt(554), b) Pt(544),and c) Pt(875) electrodes. In all cases, the 
dark cyan line is blank voltammetry,the black line corresponds to a full CO coverage, and 
the other lines are for intermediate CO coverages; Data a) and c) were recorded at 0.20 Vs-1 
and b) was recorded at 0.05 Vs-1.  
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voltammogram in the lower potential region with that in the CO stripping region, it is 
clear that the current density for process I is maximum when the blockage of the 
hydrogen adsorption at (110) step sites is complete. The process III appears only when 
the hydrogen adsorption on (111) terrace sites is almost fully blocked. Furthermore, 
there is a previous process especially for full CO coverage, which is usually named as 
the pre-oxidation wave. Previous results have shown that this prewave is not associated 
with defect or kinks in the electrode surface.21 
A very similar behavior is observed for Pt(544) electrode (Figure 4b). For a 
saturated CO layer two peaks are observed in the stripping voltammogram at 0.05 V s-1: 
peak I at 0.77 V and peak II at 0.73 V. Due to the possible overlapping of both peaks at 
a scan rate of 0.20 V s-1, this experiment was exceptionally recorded at 0.05 V s-1. 
However, it should be mentioned that the voltammograms of CO stripping at sub-
monolayer coverage do not differ from those recorded in CO free solutions. Initially, 
only peak I at 0.77 V is present on the surface. As the CO coverage increases, this peak 
progressively grows. Only when all the terrace sites are fully blocked, peak II appears at 
0.73 V. Moreover, this particular surface also contains a minor amount of defect sites 
with (110) symmetry, that behave similarly to that described for Pt(554), see arrows in 
Figure 4b. In this respect, a small peak III is also observed at full surface blockage, 
overlapping the prewave. 
The kinked Pt(875) surface (Figure 4c) contains all processes I, II and III. Again 
the last two processes only appear when the (111) terrace sites become almost fully 
blocked. It is interesting to remark that peak I appears at 0.80 V, e.g. an intermediate 
value as compared with the stepped surfaces. Also, peak II appears at 0.75 V and peak 
III at 0.64 V at this kinked Pt(875) surface. We have also observed that the pre-wave is 
always observed when stripping a saturated CO layer, regardless the presence of traces 
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of CO in solution. To sum up, peak I appears for all the CO coverages, whereas peaks II 
and III are only observed when all terrace sites have been blocked. 
 
3.4. Identification of preferential site release by partial CO adlayer stripping 
Figure 5 shows various partial CO stripping experiments. After the growth of a 
fully blocked CO adlayer on each single crystal surface by CO dosing at 0.10 V, the 
electrolyte was degassed for 20 minutes. Next, the CO adlayer was partially stripped by 
cycling the electrode potential up to a controlled upper potential limit. As a 
consequence, hydrogen adsorption on the (111) terrace sites is recovered. For the 
Pt(554) and Pt(875) single crystal electrodes, the electrode potential window was 
extended up to 0.70 V and 0.65 V, respectively, in a first conditioning cycle (C1, not 
shown). To achieve the same goal, two cycles up to 0.74 V were required for Pt(544) 
electrode. Once the conditioning cycle(s) were completed, the electrode potential was 
returned to 0.10 V and the potential window was gradually increased for each 
subsequent cycle (C2, C3, etc) in the potential range in which peak I develops. In these 
cycles, only a small fraction of CO was oxidized in each cycle. 
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For the CO sub-monolayer adsorbed on the Pt(554) electrode after removal of 
process III (Figure 5a), the electrooxidation involves the gradual release of the sites 
available for hydrogen adsorption on the (110) step symmetry. Thus, process III should 
be associated with CO oxidation on some (111) terrace sites. It should be highlighted 
that the peak position for the adsorption on the (110) steps sites shifts towards lower 
potential values as CO is stripped from the surface, until it reaches the typical value 
when the CO layer has been completely stripped. This fact reflects different adsorption 
energies on the (110) sites depending on the local CO coverages. Such potential shift 
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Figure 5.Partial CO oxidation experiments by selecting a low upper potential limit for a) 
Pt(554) and b) Pt(544) and c) Pt(875) single crystal electrodes. The data in a) was recorded 
at 0.20 Vs-1; and the data in b) and c) were recorded at 0.10 Vs-1. Only a few cycles are 
shown. 
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was not observed when similar CO coverages were attained by slow CO dosing (Figure 
2), as slow CO dosing does not change the position of the peak associated with the 
(110) steps. These differences clearly indicate that the CO sub-monolayer with partial 
CO coverages on the steps depends on the procedure used to prepare the adlayer. 
A similar situation is found for the Pt(544) electrode (Figure 5b): the oxidation of 
the remaining CO after complete removal of peak II involves the release of the step 
sites. For the kinked surface, the complete removal of the CO sub-monolayer in 
successive cycles allow determining which sites, (100) kinks or (110) step sites, are 
released faster. As can be seen, (100) sites are recovered more slowly than those having 
(110) symmetry. In all cases, the peak potential for the (100) adsorption state is less 
affected by the partial CO coverage on the step than the (110) step site.  
 
3.5. Influence of sweep rate on the peak potential for electrooxidation of bonded CO 
on terrace and step sites 
Figures 6 and 7 show the effect of the scan rate in the stripping voltammograms 
for CO oxidation at full (Figures 6a and 7a) and partial coverages obtained after the 
elimination of peaks III and II (Figures 6b and 7b) on the Pt(554) and Pt(544) surfaces. 
For a better comparison, capacitance curves (current densities divided by sweep rate) 
are shown. From the representation of the peak potential for each process, Ep, versus the 
logarithm of the scan rate, the apparent Tafel slope of the different processes can be 
obtained.36 In all cases, CO oxidation in peaks II and III shows a higher shift on 
potential, as already observed by Garcia et al. 17 and Herrero et al. 21. For Pt(554) 
electrode at full coverage, the measured Tafel slope values are 42 ± 3 mV and 70 ± 3 
mV for peak I and III respectively, whereas a value of 39 ± 3 mV, for peak I is obtained 
from Figure 6b. These values are similar to those previously measured for the same 
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electrode. Garcia et al.17 obtained value of dE/d(logv) around 36 mV and 92 mV for 
peaks I and III respectively, wherea Tafel slope values from chronoamperometric 
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Figure 6. CO stripping voltammetry for the Pt(554) electrode at different sweep rates: a) full 
coverage; b) only step occupied. Insert: Peak potential for CO electrooxidation versus the 
logarithm of the sweep rate 
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Figure 7. CO stripping voltammetry for the Pt(544) electrode at different sweep 
rates: a) full coverage; b) only step occupied. Insert: Peak potential for CO 
electrooxidation versus the logarithm of the sweep rate 
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measurements are 40 and 120 mV for the same processes in this potential range.20  
Values of 28 ± 2 mV and 70 ± 4 mV for peak I and II respectively are obtained for 
the Pt(544) electrode at full CO coverage, whereas the slope for peak I in Figure 7b is 
40 ± 4 mV. On the other hand, due to the difficulty in obtaining only a single type of 
occupied site for the Pt(875) electrode, the results of the effect of the scan rate in the CO 
stripping experiments on the Pt(875) electrode are only measured for full CO coverage 
(Figure 8). The values of the dE/d(logv) are 44 ± 3 mV, 85 ± 3 mV and 74 ± 5 mV 
respectively for peaks I, II and III, respectively. 
 
3.6. Influence of temperature on the peak potential for electrooxidation of bonded CO 
on terrace and step sites 
Figures 9 and 10 report data on the influence of temperature on the voltammetric 
profile for CO stripping. As described in the above section, the experiments were done 
with two different CO coverages: in Figures 9a and 10a the CO stripping corresponds to 
fully blocked surfaces, whereas in Figures 9b and 10b CO oxidation is done when 
hydrogen adsorption on the terrace is recovered by previous CO stripping. For Pt(554) 
and Pt(544), the peak potentials shift toward less positive values as temperature 
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Figure 8. CO stripping voltammetry for the Pt(875) electrode  at different sweep rate, with a 
CO full coverage. Insert: Peak potential for CO electrooxidation versus the logarithm of the 
sweep rate. 
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increases. In fact, the representation of the peak potential vs. T is linear in the 
temperature range between 283 and 313 K. The behavior is similar to that reported in 
acidic medium,27 although the temperature range used here is smaller. The measured 
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slopes in the graph are -0.72 ± 0.02 mV K-1and -2.9 ± 0.13 mV K-1 for peak I and III, 
respectively, for the Pt(554) electrode at full coverage, whereas a value of -0.75 ± 0.04 
mV K-1 is obtained when only the steps are covered. This means that apparent CO 
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Figure 9. CO stripping voltammetry for the Pt(554) electrode at different temperatures: a) 
full coverage; b) only step occupied. Insert: Peak potential for CO electrooxidation versus 
temperature. Sweep rate:0.10 V s-1. 
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Figure 10. CO stripping voltammetry for the Pt(544) electrode at different 
temperatures: a) full coverage; b) only step occupied. Insert: Peak potential for CO 
electrooxidation versus temperature. Sweep rate: 0.05 V s-1 
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stripping activation energy (Table 1) for peak I is independent of the terrace coverage, 
within the error limits. 
In comparison, the slope dEp/dT for peak I is -0.50 ± 0.02 mV K
-1, for the Pt(544) 
electrode, a value lower than in the previous case. It should be mentioned, however, that 
peak II shifts with temperature ~ 50% less than peak III, dEp/dT = -1.9 ± 0.23 mV K
-1. 
Interestingly, for the Pt(544) electrode with only the steps covered, the slope of peak I is 
-0.70 ± 0.05 mV K-1, quite similar to the case of Pt(554). 
The voltammetric profile of electrooxidation of CO at full coverage for Pt(875) 
for various temperatures is given in Figure 11. The slopes dEp/dT for peaks I, II and III 
are respectively -1.25 ± 0.08 mV K-1, -2.2 ± 0.15 mV K-1 and -2.9 ± 0.3 mV K-1. It 
should be noted that peak I shift is larger than in the two previous cases, probably 
because the terrace length is shorter in the kinked surface used. In contrast, the slope for 
peak II only increases ~ 20% and peak III remains constant within experimental error. 
All numerical results, as well as an estimation of the activation energies27 are given in 
Table I. All data point out, however, that CO oxidation under peaks II and III are more 
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Figure 11. CO stripping voltammetry for the Pt(875) electrode at different temperatures, 
with full CO coverage. Insert: Peak potential for CO electrooxidation versus temperature. 
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temperature dependent, as compared to the oxidation of CO under peak I. This latter 
process is also independent of the local coverage on the terraces. 
 
3.7. On the stoichiometry of CO on step sites 
Figure 12 compares two CO stripping voltammetries performed with fully 
covered CO surfaces and only CO adsorbed on steps, which was obtained after partial 
CO stripping. The experiments prove the great stability of CO on (110) or (100) steps 
compared with CO of (111) terraces, as was observed in Figures 6 and 7 for various 
sweep rates. The integrated charge density under peak for hydrogen adsorption on step 
sites is ca. ~27.2 µC cm-2 for the Pt(554) electrode and the corresponding charge density 
due to CO electrooxidation is ~49 µC cm-2. This value has been obtained from the 
charge density difference between the stripping CO charges for both coverages. These 
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Figure 12. Comparison of two stripping voltammograms with different CO coverages for a) 
Pt(554) and b) Pt(544) electrodes. Sweep rate: 0.10 V s-1. 
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results give rise to a value for the number of electrons exchanged per platinum site 
involved in the oxidation of peak I (n) equal to 1.83. In this calculation, the CO 
stripping charge is not corrected by double layer recovery.37 It should be noted, 
however, that this correction, if necessary, should be small because there is not 
significant anion adsorption contribution in the step adsorption state in alkaline 
solutions and the charge under the peaks is almost the same as in acidic solution. In any 
case, the n value suggests that CO would adsorb linearly on the (110) step, as it happens 
in acidic medium.4, 38 In the case of Pt(544), (Figure 12b) the hydrogen adsorption 
charge density for the step is ~39 µC cm-2 and the CO stripping charge is ~57 µC cm-2, 
without double layer corrections, as before. A similar analysis for Figure 12b gives a 
stoichiometric value n ≈ 1.46. This is a significantly lower value than that measured for 
the (110) steps and it could suggest a preferential CO bridge adsorption on (100) step 
sites, in a similar way that is observed in acidic media.4 
 
3.8. In situ FTIR spectroscopic data 
In order to confirm the bonding mode of adsorbed CO on the step proposed from 
the charge measurements in the voltammetric profiles, FTIR experiments were carried 
out. Figure 13 displays the in situ FTIR spectra for adsorbed CO in two stepped Pt(17 
17 15) ≡ Pt(s)-[16(111)×(110)], Pt(17 15 15) ≡ Pt(s)-[16(111)×(100)] and a kinked 
Pt(531) ≡ Pt(s)-[3(111)×1(110)×(100)] surfaces. Positive bands in the spectra are 
associated with species present at the sampling potential in the interfacial region but not 
at the reference potential, whereas negative bands correspond to species present only at 
the reference potential. For the fully CO covered Pt(17 17 15) surface, the spectrum (top 
panel–black line) exhibits two positive broad bands centered at ~2022 cm-1 and 1800 
cm-1 attributed to the linear CO (COl) and bridged bonded CO (COb), respectively. At 
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lower frequencies, the broad band centered at ~1636 cm-1 is related to the O-H bending 
mode of water 34 and the band at ~1404 cm-1 can be assigned to carbonate formed at the 
reference potential due to the oxidation of CO.39 When only the step sites are covered, 
the spectrum for adsorbed CO on the Pt(17 17 15) surface (top panel – red line) only 
shows a single band due to the COl at ~1976 cm-1. The absence of a measureable band 
at lower wave numbers associated to bridged bonded CO clearly indicates that main 
configuration of CO is linear CO. Thus, the expected number of electrons transferred 
per platinum site in the CO oxidation process should be close to two, in agreement with 
the n value of 1.83 found for (110) step in Pt(554) surface in the previous section. 
When compared to the spectrum for fully CO covered surface, this band is shifted 
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Figure 13. In situ FTIR spectra recorded at 0.20 V with different CO coverage on Pt(17, 17, 
15), Pt(17, 15, 15) and Pt(531) single crystals. The reference potential was collected at 0.90 
V. 
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ca. 46 cm-1 towards lower wavenumbers. The lower wave numbers of CO adsorbed on 
the step with respect to that measured for CO on the terrace clearly indicates that the 
energetics of CO bonding on the different sites is highly affected by the type of site. It 
should be highlighted that the band at 1976 cm-1 cannot be detected in the spectra for 
the fully covered surface (not even a small shoulder is present in this wave number) due 
to the coupling of this band with that for CO on the terrace. Consequently all the band 
intensity due to the COl on step sites is transferred toward the band at higher frequency 
(at ~2022 cm-1).25  
For fully CO covered Pt(17 17 15) surface, the Stark effect  dvCO/dE  is 48 
cm-1 V-1 and 125 cm-1 V-1 for COl and COb, respectively. When compared to the values 
reported on the Pt(111), (37 cm-1 V-1 and 81 cm-1 V-1 for COl and COb, respectively), 
the values measured for the stepped surfaces are higher.18 On the other hand, for COl 
only on step sites in same surface, the Stark effect found was 126 cm-1 V-1. Kim and 
Korzeniewski 12 have also reported high Stark effect for CO adsorbed on step site in 
controlled dosing experiments in acidic media. The nature of high Stark effect for CO 
on step site is unknown, but as before, it reveals that the CO adsorption properties are 
very sensitive to the surface structure. 
In the case of Pt(17 15 15), the spectrum exhibits two bands for a fully CO 
covered surface: one at ~2018 cm-1 due to COl (dvCO/dE=49 cm
-1 V-1)  and another band 
at 1803-1827 cm-1 attributed to COb (dvCO/dE=86 cm
-1 V-1). The Stark effect values for 
this surface are comparable to those obtained for the other stepped surface. When CO is 
only adsorbed on the step sites (red line), the spectrum clearly shows two CO bands at 
~1974 cm-1 and ~1763 cm-1 due to the COl and COb, respectively. Unlike the previous 
case, both COl and COb bands can be observed on the spectrum for CO adsorbed on the 
step, which implies that both adsorption configurations for CO are observed on this type 
Published in The Journal of Physical Chemistry C. 2013, 117(6): 2903-2913. doi:10.1021/jp311499s 
 
26 
 
of site. The presence of linear and bridge bonded CO in similar ratio is in agreement 
with the stoichiometry value n ≈ 1.46 electrons transferred per Pt step site found for the 
(100) step in Pt(544) surface. Again, due to the strong coupling between CO bands, 
these bands are absent from the spectrum at full coverage.  
For the Pt(531) kinked surface, the experiment was performed only for CO at full 
coverage. Thus, the spectrum shows a high band at 2012 cm-1 atributted to the COl and 
a small band at 1797 cm-1 due to the COb. In comparison to the stepped surfaces, the CO 
on this kinked surface adsorbed essentialy with linear mode. 
 
4. Discussion 
It is clear that the presence of steps is modifying the adsorption/stripping of CO 
on the single crystal electrode surfaces vicinal to the Pt(111) surface. The presence of a 
step creates a perturbation that modifies the energetics of the neighboring sites, 
originating a surface dipole due to the Smoluchoswki effect.40 Based on this model, an 
ideal stepped surface can be treated as a sequence of step-dipole moments appearing 
where the symmetry of the terrace is broken. In this dipole, there is a flow of charge 
density from the upper step side towards lower step side. Thus, the upper part of the 
step is the positive part of the dipole whereas the lower part carries a partial negative 
charge. The size of the dipole depends on the symmetry and chemical substrate 
composition,41 and the presence of the dipole changes the local work function.42 Thus, 
the upper and lower parts of the step are affected in opposite directions and it is 
expected that the change in the energetics of adsorption processes will have the opposite 
sign in the two sides of the step. In the voltammetric profile of these stepped electrodes, 
the presence of the step gives rise to a characteristic peak in the blank solution 
associated with the competitive adsorption of H and probably OH/O.35 Although there is 
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no experimental evidence on the exact adsorption position of those species in 
electrochemical environments, theoretical and UHV studies suggest that the adsorption 
of these species is taking place on the upper part of the step.10 In following, we will 
assume that those processes will occur on the upper part of the step, as has been done 
previously in similar models.19 However, if the peaks in the voltammograms are linked 
to the adsorption of H and probably OH/O on the lower part of the step, the conclusions 
reached from the analysis will be equivalent to that obtained here with the exchange of 
the upper and lower step sites.  
The direct analysis of the results presented in Figures 2-4 indicates that the initial 
stages of CO adsorption on the stepped surfaces in this medium involve preferentially 
the sites associated with the adsorption of H (and  probably OH) on the (110) and (100) 
steps. As aforementioned, we will assume that the adsorption site is located in the upper 
part of the step, since CO is blocking the adsorption of H/OH. From the charge 
evolution of the terrace and step sites, it is clear that the CO adsorption process is 
preferentially occurring on these sites, since the peaks corresponding to these processes 
have completely disappeared well before terrace sites have been occupied. Moreover, 
the preference for adsorption on the upper part of the step sites increases with the step 
coverage, as revealed by the fast diminution of the charge of these peaks when the CO 
site occupancy on this type of site is higher than 50% (Figure 3). It should be remarked 
that the preference for CO adsorption on these sites is not absolute, since CO is already 
adsorbed on the terrace sites well before the adsorption on the step site is complete. 
When CO molecules are arriving at the surface, the CO adsorption probability on the 
upper part of the step is higher than that corresponding to the rest of the sites. Thus, it 
can be said that the upper part of the step has higher adsorption energy for CO than the 
terraces, as has been proposed by DFT studies.10 It is also possible that CO adsorbed in 
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the step modifies the adsorption energy of the neighboring step sites so that the 
adsorption rate on the step increases with the CO coverage. Additionally, the in situ 
FTIR experiments demonstrates that the bonding characteristics for adsorbed CO 
strongly depend on the step symmetry. In case of Pt(s)-[n(111)×(110)] surfaces, the 
upper part of step is occupied essentially by linear CO; on the other hand, the upper part 
of the step is covered with both linear and bridge bonded CO for the Pt(s)-
[n(111)×(100)] surfaces. 
These results are different from those obtained in acid media,14 where CO 
adsorption does not show a preference for the step sites vs. terrace sites for the surfaces 
with (110) steps. It should be borne in mind that there is ca. 0.7 V in potential difference 
in the SHE scale between 0.1 M HClO4 and 0.1 M NaOH, which implies that the charge 
density on the metallic side of the electrode is significantly different. The change in 
absolute potential is associated with a lowering of the wave numbers for CO bands in 
0.1 M NaOH (Figure 13) as compared with that measured in 0.1 M HClO4 
43. There are 
two possible explanations for this different behavior in the preferential site occupancy: 
i) there is a significant effect on the adsorption energy of CO due to the difference in 
surface charge and/or ii) diffusion rates are different in both media as has been 
proposed.21 In this latter case, the different diffusion rate can be also a consequence of 
the different charge density or electrode potential,44 which in turn affects the 
corrugation potential of the surface.45 It should be mentioned that a large corrugation 
potential generally implies a single mode for the adsorption of the molecules, which 
seems to be not the case of CO. However, due to the large energy transfer between CO 
adsorption bands, it is not possible to determine the exact binding distribution of the CO 
molecules using only the spectra from the FTIR bands.26 In acid media, fast diffusion 
allows for a random distribution of the molecules over the surface, independently of the 
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initial adsorption site, whereas slow diffusion will tend to freeze the initial configuration 
upon adsorption. 
The site release when CO is slowly oxidized follows similar trends. It occurs first 
on the terrace sites and later on the upper part of the step sites. However, in this case, 
the preference for the stripping from terrace sites is absolute: the step sites are only 
released when the CO has been completely desorbed from terrace sites. A very similar 
model for the site released has been proposed by Koper and col.19-20 The major 
difference with that model is the absence of adsorbed carbonate in the model, which 
was used to justify the low mobility of CO (or low reactivity) towards the lower part of 
the step sites. Carbonate is not specifically adsorbed at this pH.46 
Unlike the adsorption process, which is initially a pure stochastic process, the 
release of the occupied sites, that is, the oxidation of the adsorbed CO, requires the 
interaction with other molecules (activated water or adsorbed OH), so that the additional 
oxygen atom needed to form CO2 (or carbonate) is transferred. Thus, the activity of the 
different surface sites can be completely different. In acidic media, it has been proposed 
that the steps catalyze the oxidation of adsorbed CO and this process would not take 
place on a perfect Pt(111) electrode5. In alkaline medium, the presence of the step 
affects the oxidation, since new peaks for the oxidation (peaks II and III) are observed at 
lower potentials. This fact indicates that new sites that are introduced with the step are 
more active for the oxidation of CO. However, this new type of site cannot be in the 
middle of the terrace because it is not observed in well-ordered Pt(111) electrode or in 
the upper part of the step, since they are the last released sites. Thus, the only possibility 
is that they are associated with the lower part of the step (either the row of atoms just 
below the step or the next row of atoms in the terrace). Thus, the initial oxidation should 
take place on those sites. Once the lower part of the step is free from CO, the remaining 
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CO may diffuse to those sites and react. However, because these sites are the last ones 
to be occupied (they have the less favorable adsorption energy for CO) it is likely that 
the CO diffusion from middle of the terrace toward the lower part of step is hindered. 
Binding energy gradients which affect surface diffusion has been also proposed 
previously both from experimental 47 and theoretical studies 48 energy gradients   
For alkaline solutions, it has been shown that the charge of the peak appearing at 
low potentials depends on the scan rate.17, 21 At high scan rates, the charge density under 
this peak is constant and it is equivalent to that that would have been obtained for the 
oxidation of CO on the lower part of the step transferring between one and two 
electrons per site, depending on the step symmetry. This means that at high scan rates, 
the only CO molecules that are being oxidized are those located on the lower part of the 
step. At low scan rates, the charge density increases, implying that some CO molecules 
are able to diffuse and be oxidized in the lower part of the step (which is already free). 
For that reason, the slow CO removal experiments performed in Figure 5 progressively 
strip CO from the terrace sites. On the other hand, the CO molecules which are 
adsorbed on the upper part of the step are trapped in this position due to the high 
adsorption in energy on this site. Thus, these molecules cannot be oxidized in the 
catalytic sites and, the oxidation potential is higher. Accidentally, the potential at which 
this CO is oxidized in the voltammetry coincides with that measured for the CO 
oxidation on a well ordered Pt(111) electrode. This model for the oxidation of CO is 
also in agreement with the results reported in Figure 4, in which peaks II and III are 
only observed when the surface is saturated with CO. The sites in lower part of the step 
are the last sites to be occupied and for that reason, the oxidation peak associated with 
these sites only appears at full saturation. 
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There is also an additional difference between the CO adsorption and stripping 
processes. In the case of the slow adsorption experiments, the peak for H/OH adsorption 
on the step does not shift in potential when the step is partially covered by CO, whereas 
a measurable shift towards positive potentials is observed when similar partial CO 
coverages in the step are obtained from stripping experiments. The differences indicate 
that the exact distribution of the CO molecules on the step is different in the two 
situations and that different interactions between H and probably OH and CO exist in 
each case. For the slow stripping experiments, CO adsorption on the step affects the 
energetics of H/OH, and the opposite behavior is observed for the slow dosing 
experiments. Although the exact origin of such potential shift is not clear, the non-
equivalence of the two situations clearly suggests that CO diffusion over the surface is 
slow. Even though metastable adlayers may survive in situations where diffusion is fast, 
the fast surface diffusion normally would imply reaching equilibrium conditions, so that 
identical results for a given surface coverage would have been obtained independently 
on how this coverage is obtained. 
The dual oxidation mechanism, in which two different type of sites contribute to 
the oxidation of CO on the stepped surfaces is corroborated by the different Tafel slopes 
and activation energies. The CO oxidation process, which is linked to the lower part of 
the step (peaks II and III), has a Tafel slope value which is significantly different to that 
measured for peak I. Frequently, changes in the Tafel slope are analyzed in terms of a 
change in the mechanism. However, it has been shown that a change in the adsorption 
isotherm of OH, which is required to oxidize CO in a Langmuir-Hinselwood 
mechanism, significantly modifies the values of the Tafel slope.49 For this medium, the 
most probable cause for the change in the Tafel slope is the change in the isotherm for 
OH adsorption on the different sites. The same conclusion can be reached from the 
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different activation energies observed for the different peaks. Additionally, a small 
dependency of the activation energy on total CO coverage demonstrates that these 
processes are specific for each domain of the surface. 
The two stepped and the kink surfaces employed in this study indicates that the 
behavior of the step and kinks sites for the CO adsorption and stripping process is 
qualitatively the same. The only significant difference between the sites with (110) and 
(100) symmetry is the potential at which the initial oxidation of CO on these surfaces is 
occurring, but it does not object that the mechanism ruling these processes is the same. 
The only quantitative difference in this case is the energetics of the site. It is known that 
the dipole generated by the presence of a step depends on its symmetry. Thus, large 
dipoles are measured for the (110) step in comparison with the (100) step on the (111) 
terraces.50-51 This difference affects any adsorption process on these sites and therefore, 
the stripping of CO depends on these values.  
 
Conclusions 
In this paper, we have shown for the first time that in alkaline medium: 
1. The CO adsorption rate onto stepped and kinked platinum surface is site dependent, 
and the sequence of site blockage is: (100) and (110) step sites; and finally (111) terrace 
sites. 
2. The origin of peak multiplicity in CO stripping voltammetry is connected with 
progress of CO site occupancy. 
3. The CO electrooxidation takes place in preferential sites and the sequence of site 
release is: (111) terrace sites, (110) and (100) step sites. The Tafel plots for CO oxidized 
in (111) terraces sites onto Pt(554) and Pt(544) are very similar, suggesting that the 
(111) terrace sites are the first type of sites to be released during the CO adlayer 
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oxidation. It has been proposed that the first sites to be released upon oxidation are 
those close to the lower part of the step, and that the oxidation continues over the 
terrace. The last sites to be released are those in the upper side of the step. 
4. In absence of CO on terrace sites, it was possible to identify by in situ FTIR 
spectroscopy, the adsorption configuration for CO on the step. CO molecules on (110) 
step sites are mainly linearly adsorbed whereas linear and bridged bonded CO can be 
observed on the (100) step sites. 
5. The activation energy for CO electrooxidation is dependent whether CO molecules 
are adsorbed in step or terrace sites, and activation energy for CO electrooxidation on 
terrace sites is higher than activation energy for that reaction on step sites. 
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Table 1. Activation energy (Ea/kJ mol
-1) obtained for the CO oxidation with different 
sites on surface 
 
 
 
 
 
 
 
 
 
 
 
For saturated CO coverage For CO only on 
step sites 
 Peak I 
Ea/kJ mol-1 
Peak II 
Ea/kJ mol-1 
Peak III 
Ea/kJ mol-1 
Peak I 
Ea/kJ mol-1 
Pt(554) 97 ± 5  144 ± 12 98 ± 3 
Pt(544) 88 ± 2 126 ± 8  94 ± 3 
Pt(875) 105 ± 4 132 ± 5 142 ± 10  
Pt(111)a 135-139    
a In 0.50 mol L-1 H2SO4. Data from the reference [21] 
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